NA polymerase II (RNAPII) is the enzyme responsible for synthesis of all mRNA in higher cells. As the central component of the eukaryotic transcription machinery, RNAPII is the final target of regulatory pathways that are ultimately responsible for cellular development, differentiation, and metabolic control. Publication of the highresolution structure of yeast RNAPII (1, 2) and of a transcribing RNAPII͞DNA͞ RNA complex (3) identified key structural elements central to many of the enzyme's functions and suggested mechanisms for RNA chain elongation and translocation of the polymerase along DNA (2) . Although a possible mechanism for interaction of RNAPII with promoter DNA was also proposed, absent from the x-ray structures were subunits Rpb4 and Rpb7, which form a dissociable complex in yeast and are required for initiation.
The problem posed for crystallization of the complete initiation-competent RNAPII by the presence of substoichiometric amounts of the Rpb4͞Rpb7 complex has now been overcome, and reports by Armache et al. (4) and Bushnell and Kornberg (5) in this issue of PNAS describe the structure of RNAPII, including all 12 component subunits. The x-ray structures of the initiation-competent RNAPII are in agreement with each other and with a previously published 18-Å resolution structure calculated by cryoelectron microscopy (cryo-EM) and image analysis of single RNAPII particles (6) . Although the cryo-EM structure of the 12-subunit RNAPII was correct, the proposed mode of interaction between the Rpb4͞Rpb7 heterodimer and the 10-subunit (core) RNAPII [based on fitting the x-ray structure of the Archaeal homolog of the eukaryoytic Rpb4͞Rpb7 complex (7) to the EM reconstruction] was flawed. A correct fit of the Archaeal Rpb4͞Rpb7 homolog to the x-ray structures of the complete RNAPII confirms the location of the Rpb4͞Rpb7 heterodimer with respect to the core RNAPII and establishes that contact of the heterodimer with the core RNAPII is mediated by Rpb7. The significance of the structure of the complete initiation-competent RNAPII goes well beyond determining the mode of interaction between the Rpb4͞Rpb7 heterodimer and the core RNAPII. In fact, the most interesting information derived from the x-ray and cryo-EM structures regards the conformation of RNAPII and its implications for the initiation mechanism (Fig. 1) .
The x-ray structure of the core RNAPII revealed that the active site of the enzyme is located at the bottom of a deep cleft, blocked at the upstream end by a domain appropriately named the ''wall.'' One side of the active site cleft is formed by a domain determined to adopt different conformations in two crystal forms of polymerase (1, 2) and in the first 3D structure of core RNAPII calculated by 2D electron crystallography (8) . This mobile domain, named the ''clamp,'' was proposed to control access by double-stranded promoter DNA to the active site. The clamp would adopt the open conformation detected in one of the 3D crystal forms (2) to allow straight doublestranded promoter DNA to lie along the bottom of the active site cleft, clear the wall, and reach the RNAPII active site. In a subsequent step of the initiation mechanism, the clamp would switch to a closed state and effectively ''clamp'' the DNA in place, thereby explaining the processivity of the polymerase.
The mechanism just described was based on structural characterization of the core RNAPII, a form of the enzyme defective for initiation. Therefore, it seemed appropriate to examine the conformation of the clamp and its role in controlling access of DNA to the active site by using a technique that did not require crystallization of the enzyme. Cryo-EM analysis of the complete initiation-competent RNAPII revealed that in single RNAPII particles in solution, the position of the clamp varies between closed and collapsed conformations, which are separated only by a small energy barrier (6) . That the clamp does not adopt an open conformation in the complete RNAPII led to the seemingly controversial proposition that doublestranded DNA would never reach the bottom of the active site cleft, but rather that formation of the transcription bubble mediated by the action of general transcription factor TFIIH would allow DNA to ''melt'' into the cleft and reach the active site (6) .
The x-ray structure of the initiationcompetent RNAPII now makes it apparent that the clamp cannot swing open when the Rpb4͞Rpb7 heterodimer is present. The N-terminal domain of Rpb7 acts as a wedge that, when inSee companion articles on pages 6964 and 6969.
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asturias@scripps.edu. (9) , but the structure of the RNA polymerase holoenzyme, the form of the enzyme relevant for initiation that includes the core polymerase plus the factor, shows a closed clamp (10, 11) . It now seems clear that, in both bacteria and eukaryotes, the conformation of RNA polymerase that is relevant for initiation is the same as that observed in the transcribing yeast RNA-PII͞DNA͞RNA complex, and that promoter melting must be required for the template DNA strand to reach the RNAPII active site. This possibility was considered by one of the groups reporting on the bacterial holoenzyme structure (11) and is supported by the x-ray structure of a bacterial holoenzyme͞ DNA complex, in which promoter DNA binds along the top of the clamp and the wall. A similar mode of interaction with promoter DNA was first suggested for RNAPII when the cryo-EM structure of the complete enzyme was reported (6) , and the structures reported by Armache et al. (4) and Bushnell and Kornberg (5) lead to the same conclusion.
The conformation of RNAPII relevant for promoter binding and initiation is also the conformation of the enzyme that will interact with the general transcription factors to form the preinitiation complex (12) . The approximate location for binding of transcription factors TBP and TFIIB to RNAPII can be anticipated based on the location of the RNAPII active site, the topology of eukaryotic promoters, and structural information about eukaryotic and bacterial polymerase͞DNA complexes (3, (13) (14) (15) . It encompasses the previously identified ''dock'' region on the upstream face of the RNAPII (2). As pointed out by both Armache et al. (4) and Bushnell and Kornberg (5), the position of the Rpb4͞Rpb7 heterodimer increases the area of the dock region, thereby suggesting a role of Rpb4͞Rpb7 in assembly of the preinitiation complex. Indeed, the role of Rpb4͞Rpb7 in preinitiation complex assembly is likely to be even more significant. MS analysis of immunopurified yeast macromolecular complexes has indicated that Rpb7 interacts with Tfg1, the largest subunit of transcription factor IIF (16) . The Rpb4͞Rpb7 heterodimer might play a multifaceted role in initiation, locking the active site area of RNAPII into the right conformation and functioning as scaffolding for addition of further components of the preinitiation complex.
What other roles might the Rpb4͞ Rpb7 heterodimer play in the preinitiation complex? Biochemical studies of Rpb4͞Rpb7 (17) and structural characterization of the corresponding Archaeal complex (7) pointed to the existence of single-stranded nucleic acid-binding sites in Rpb7. The cryo-EM reconstruction of the 12-subunit polymerase placed the Rpb4͞Rpb7 complex near the proposed RNA exit groove in RNAPII and adjacent to the linker to the C-terminal domain (CTD) of the largest RNAPII subunit, known to be involved in recruitment of complexes involved in RNA processing (18) (19) (20) . This location immediately suggested a role for Rpb4͞ Rpb7 in binding the newly polymerized RNA chain and directing it toward the RNA processing machinery (6) . Analysis of the x-ray structure of the 12-subunit RNAPII has led to similar propositions. Unfortunately, whereas the x-ray structure now available has much higher resolution, it still does not clarify exactly how Rpb4 and Rpb7 would interact with the nascent RNA as it exits the active site cleft of RNAPII. Roles for Rpb4͞ Rpb7 in interaction with the Mediator complex (proposed by Bushnell and Kornberg in ref. 5 ) and in recruitment of Fcp1, the CTD phosphatase that, through its effect on the phosphorylation state of the CTD, functions in recycling of RNAPII, are interesting but remain speculative.
Comparison of the x-ray and cryo-EM structures of the 12-subunit RNAPII indicates that a significant portion of the Rpb4 density is partially disordered. This density gives rise to the extended structure that runs along the base of the clamp toward the downstream end of the RNAPII active site in the low-resolution cryo-EM reconstruction (see Fig.  1 ), and Bushnell and Kornberg (5) suggest that it might correspond to the central charged domain of Rpb4. Sequence analysis of several general transcription factors reveals the presence of charged, most likely unstructured domains, suggesting that components of the preinitiation complex are not rigid but instead might assemble like a puzzle formed by flexible pieces. The interfaces between components might in some cases be rather extended, as in the case of the interaction between the bacterial factor and core polymerase (10, 11) , and some factors most likely adopt their functional conformations only when involved in synergetic interactions with other components of the preinitiation complex.
The structure of the complete initiation-competent RNAPII provides important information about the mechanism of initiation and adds to the evidence suggesting that the structure of the preinitiation complex amounts to more than the sum of the structure of its parts. Interactions between different components of the preinitiation complex might be essential to bring individual pieces into their functional conformations, which emphasizes the importance of generating structural information about the most inclusive complexes possible. Cryo-EM can be used to calculate low-resolution (10-to 25-Å) reconstructions of multicomponent assemblies under near-physiological conditions. Highresolution NMR and x-ray structures of individual pieces, assembled as suggested by the overall low-resolution structure of a complex, will then result in the structure of the entire assembly at high resolution, as required for a complete mechanistic understanding of the transcription process and its regulation.
The structure of the preinitiation complex is more than the sum of the structure of its parts.
